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[1] This article proposes a technique to map the tidal winds in the mesosphere and lower

thermosphere (MLT) region from the observations of a four-station meteor radar chain
located at middle- and low-latitudes along the 120 E meridian in the Northern Hemisphere.
A 1 month dataset of the horizontal winds in the altitude range of 80–100 km is
observed during December 2011. We ﬁrst decompose the tidal winds into mean,
diurnal, semidiurnal, and terdiurnal components for each station. It is found that the
diurnal/semidiurnal components dominate at the low-latitude/midlatitude stations. Their
amplitudes increase at lower altitudes and then decrease at higher altitudes after
reaching a peak in the MLT region. Hough functions of the classical tidal theory are
then used to ﬁt the latitudinal distribution of each decomposed component. The diurnal
component is found to be dominated by the ﬁrst symmetric (1, 1) mode. Yet for the
semidiurnal and terdiurnal components, the corresponding dominant modes are the
second symmetric modes (2, 4) and (3, 5), and considerable contributions are also from
the ﬁrst antisymmetric modes (2, 3), (3, 4) and second antisymmetric modes (2, 5), (3, 6).
Based on the decomposed results, we further map the horizontal winds in the domains of
latitude, altitude and local time. The mapped horizontal winds successfully reproduce
the local time versus altitudinal distributions of the original observations at the four
stations. Thus, we conclude that the meteor radar chain is useful to monitor and
study the regional characteristics of the tidal winds in the MLT region.
Citation: Yu, Y., W. Wan, B. Ning, L. Liu, Z. Wang, L. Hu, and Z. Ren (2013), Tidal wind mapping from observations
of a meteor radar chain in December 2011, J. Geophys. Res. Space Physics, 118, 2321–2332, doi:10.1029/2012JA017976.

1.

Introduction

[2] The mesosphere and low thermosphere (MLT) is an
important region coupling the lower and upper parts of the
atmosphere. Different atmospheric oscillations (gravity,
planetary, and tidal waves) propagate through this region,
leading to the energy and momentum transportations from
the lower to higher altitudes. Among these waves, the solar
atmospheric tides play a signiﬁcant role in this region, owing
to their quite large amplitudes as well as the regular and persistent features.
[3] Both space-borne and ground-based instruments have
been used to investigate the atmospheric tides in the MLT
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region. Recently, the space-borne observations, such as the
Wind Imaging Interferometer and High Resolution Doppler
Imager on board the UARS, and the TIMED Doppler Interferometer on board the Thermosphere-Ionosphere-Mesosphere
Energetic and Dynamics (TIMED) spacecraft, revealed a
wealth of information on the global structure of upper atmospheric tides [Manson et al., 2002a; Oberheide et al., 2006,
2007; Pancheva et al., 2009b; Shepherd et al., 1999; Wu
et al., 2006]. Owing to the virtue of their global coverage,
they are capable of providing both the latitudinal and longitudinal structures of any tides from the space-borne measurements; this makes it possible to distinguish the migrating and
nonmigrating tides and to decompose different Hough modes
[Chen and Lu, 2008a, 2008b; Mukhtarov et al., 2009; Xu et al.,
2012; Xu et al., 2011; Zhang et al., 2006].
[4] Extensive MLT wind observations have also been
conducted from ground-based instruments like the meteor
radar, medium frequency radar, and Fabry-Perot interferometer [Chang and Avery, 1997; Forbes et al., 1995; Fujii
et al., 2004; Hocking et al., 2001; Holdsworth et al., 2004;
Igarashi et al., 1996; Jiang et al., 2008; Manson et al.,
1999; Namboothiri et al., 2000; Tsuda et al., 1987; Xiong
et al., 2004; Zhao et al., 2005a, 2005b]. While a FabryPerot interferometer cannot obtain wind data at all during
the day [Marsh et al., 2000], a radar, such as a medium
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Figure 1. Location of the IGGCAS meteor radar chain at the middle- and low-latitudes in the Northern
Hemisphere around the 120 E meridian. The four stations of the chain are respectively Mohe
(MH, 52.5 N, 122.3 E), Beijing (BJ, 40.3 N, 116.2 E), Wuhan (WH, 30.5 N, 114.6 E), and Sanya
(SY, 18.3 N, 109.6 E).

frequency radar or a meteor radar, can provide continuous
measurements with 24 h local time coverage. Taking such
advantage, various oscillations of different tidal frequencies
during a given time period and their day-to-day variability
can be demonstrated. In addition, the meteor radar is capable of providing detailed information on the vertical
structure, including the vertical wavelengths and vertical
propagation direction in the MLT region [Mitchell et al.,
2002; She and Li, 2004; Yuan et al., 2008].
[5] Many tidal features in the MLT region have been
studied making use of both space-borne and ground-based
measurements mentioned above. However, limitations exist
in each kind of measurements. For instance, the satellite
instruments suffer from the lack of local time coverage and
the missing of day-to-day variability at a particular time.
Composite data of several months are usually required to
provide the information on different tidal frequencies, which
results in a statistically climatological picture of tidal oscillations rather than variations in a short time scale. On the
other hand, due to the lack of spatial information, groundbased observations at a single station cannot afford to
describe the longitudinal and latitudinal structures; this
makes it difﬁcult to extract tidal signals of different longitudinal wave numbers and latitudinal Hough modes. Therefore,
many authors have to estimate the contributions of different
Hough modes from the poor observations on the vertical
structure of tides [Chang and Avery, 1997; Xue et al., 2007;
Yuan et al., 2008].

[6] Attempting to ﬁx these problems, this work proposes a
technique by ﬁtting the Hough modes to the wind observations from a newly built meteor radar chain located along the
120 E meridian in the Northern Hemisphere. It is important
to point out that this Hough mode ﬁtting provides an algorithm to map the horizontal winds distributed with latitude,
altitude, and local time.
[7] In the following parts, we ﬁrst brieﬂy introduce the
meteor radar observations in section 2. This is followed by
the details of the analysis method including Fourier transform and Hough mode decomposition in section 3. Section
3 also provides the predicted map of the tidal components
as well as the horizontal winds from Hough mode decomposition results. Further discussion regarding to the validity of
Hough mode decomposition in the MLT region and its quality veriﬁcation are presented in section 4. Finally, section 5
gives the concluding remarks.

2.

Observation and Data

[8] A meteor radar chain was recently established by the
Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS). As illustrated in Figure 1, the IGGCAS
meteor radar chain locates along the 120 E meridian in the
Northern Hemisphere, including four stations at Mohe
(MH, 52.5 N, 122.3 E, setup in 2011), Beijing (BJ, 40.3 N,
116.2 E, setup in 2002), Wuhan (WH, 30.5 N, 114.6 E, early
run during 2002–2004, re-setup in 2010), and Sanya (SY,
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Figure 2. Local time and altitudinal distributions of the daily zonal wind (u) retrieved from the observations of the IGGCAS meteor radar chain. The four plots from top to bottom are respectively for the four
stations as labeled. The positive u refers to the eastward direction.
18.3 N, 109.6 E, setup in 2009). The radars at these stations
provide the upper atmospheric wind observations in 70–
110 km [Hocking et al., 2001]. The early observation from
one of the four stations, Wuhan Station, have been investigated by Xiong et al. [2004] and Zhao et al. [2005a,
2005b].
[9] On the basis of the sufﬁcient observations of the
meteor radar chain, the zonal and meridional winds (u and v) in
the MLT region with resolutions of 2 km in altitude and 1 h in
time have been estimated from the measurements of the radial
velocity and angles of arrival. Figures 2 and 3 separately show
the observed zonal (u) and meridional (v) winds during the

1 month period in December 2011. The data of 11 December
2011 at Mohe Station are not available. For the sake of the ﬁrst
continuous 1 month data of all four stations from the IGGCAS
meteor radar chain, we chose this 1 month dataset to describe
the average characteristics of the tidal winds.
[10] Generally, both the zonal and meridional winds show
obvious periodic oscillations. It is seen that the diurnal variation dominates at the two lower latitude stations, i.e., Sanya
and Wuhan stations, while the semidiurnal variation is more
important at the two higher latitude stations, i.e., Beijing and
Mohe stations. It is obvious that the tidal phases propagate
downward, implying the upward propagation of the tidal

Figure 3. Same as Figure 2 but for the meridional wind (v). The positive v refers to the northward
direction.
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Figure 4. The absolute amplitudes, Asu  (circles) and Asv  (crosses), of the diurnal (s = 1; left column),
semidiurnal (s = 2; center), and terdiurnal (s = 3; right) tidal components at each of four stations
(as labeled beside the corresponding four row plots).
energy. Similar to the observations given by Guharay and
Franke [2011], the meridional wind is weaker in magnitude
comparing with the zonal wind over the observation period
at most stations. The exceptional case occurs at Sanya
Station, over which the amplitude of the meridional wind
is remarkably larger than that of the zonal wind.
[11] The tidal amplitudes for both winds also have obvious day-to-day variability especially around the December
solstice. In this paper, for the sake of brevity, we focus on
the average features of December 2011.

3.

tides is ignorable. Thus, it is reasonable to map the tidal
winds in the Northern Hemisphere from the meteor radar
observations using the classical tidal theory.
3.1. Fourier Transform
[13] The atmospheric tidal theory is involved to study the
periodic ﬁelds with the fundamental time/longitude period of
1 d/cycle. In the case of our observations from the meridional chain, the zonal and meridional winds (u, v) are then
expressed as the combinations of different tidal components,
X
8
Asu ðy; zÞei2pst
>
< uðy; z; t Þ ¼
s
X
>
Asv ðy; zÞei2pst
: vðy; z; t Þ ¼

Data Analysis and Results

[12] In general case, the atmospheric tides consists of two
categories, i.e., the migrating and nonmigrating tides [Oberheide
et al., 2007]. It is difﬁcult to distinguish the two kinds of tides
for the lack of the longitudinal information. Fortunately, the
nonmigrating tidal components are quite small relative to the
migrating ones in the MLT region. For instance, at most
latitudes and altitudes, the nonmigrating components, e.g.,
DE3 and SE2, the most important ones, are quite smaller than
the corresponding migrating ones with the same frequency
(e.g., DW1 and SW2) from the Global Scale Wave Model 09
[Hagan et al., 1999, 2009; Hagan and Forbes, 2002]. This
can be proved using the TIMED Doppler Interferometer/
TIMED observations [Wu et al., 2011; Wu et al., 2008a,
2008b]. In addition, we use the model results of Global Scale
Wave Model 09 to verify the validity of the method we will
proposed (this is not included in this manuscript for the sake
of brevity). It is found that the inﬂuence of the nonmigrating

(1)

s

where, θ, z, t, and s are the latitude, altitude, local time
(in day), and frequency, respectively. We choose the frequency unit as cycle/day so that s is also used to indicate
the order of the tidal components. In equation (1), the complex amplitudes of each component for both winds can be
expressed as,
(



s
Asu ðy; zÞ ¼ Asu ðy; zÞei2ptu ðy;zÞ


s
Asv ðy; zÞ ¼ Asv ðy; zÞei2ptv ðy;zÞ

(2)

where tus and tvs are the phases for u and v, respectively; they
represent the local time of the maximum of each tidal
component.
[14] As seen in equation (1), the tidal components, Asu and
s
Av can be obtained by performing the Fourier transform of
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Figure 5. Same as Figure 4 but for the tidal phases.
the observed u(t) and v(t). It is worth to mention that we only
choose the Fourier components of integer frequency in this
paper. Figures 4 and 5 show the complex amplitudes of the
tidal components (Fourier components of integer frequency).

[15] Figure
4 illustrates the absolute amplitudes, Asu  (circles)

and Asv  (crosses), of the diurnal (s = 1; left column), semidiurnal (s = 2; center) and terdiurnal (s = 3; right) components
at each station of the IGGCAS meteor radar chain (as labeled
beside the corresponding four row plots). As seen in this
ﬁgure, for the diurnal and semidiurnal components at the
lower latitude stations (Wuhan and Sanya stations), the amplitudes of the meridional wind are remarkably larger than those
of the zonal one. On the other hand, the amplitudes of both
winds are comparable for the terdiurnal components at all the
four stations, and for the diurnal and semidiurnal components
at the higher latitude stations (Mohe and Beijing stations).
[16] The tidal amplitudes change from station to station.
For the diurnal components, the largest amplitude appears
at Sanya Station (the lowest latitude of the four stations),
reaching ~28 m/s and ~42 m/s for the zonal and meridional
winds, respectively; the tidal amplitudes are considerably large
(>10 m/s) at Wuhan Station and quite small (<10 m/s) at
Beijing and Mohe Stations (higher latitudes of the four stations). On the contrary, the amplitudes of the semidiurnal
components are considerable at Sanya Station, individually
reaching ~12 m/s and ~28 m/s for the zonal and meridional
winds, quite small at Wuhan Station (<10 m/s), and very large
at Beijing and Mohe stations (reaching ~30 m/s and ~43 m/s,
respectively). This is in good agreement with the previous
results that, in the MLT region, the diurnal component dominates near the equator and subtropics, while the semidiurnal
component is stronger at higher latitudes than that at lower

latitudes [Guharay and Franke, 2011; Manson et al., 2002a,
2002b]. The terdiurnal components change with latitude in
the similar tendency as that of the semidiurnal ones, whereas
they are very weak.
[17] The tidal strengths also change with altitude in the
observation range of 80–100 km. In general, the amplitudes
of each tidal component for each wind increase rapidly at
lower altitudes and then decrease at higher altitudes after
reaching a peak. For instance, the strength of the diurnal component peaks in the vicinity of 94–96 km, while that of the
semidiurnal component peaks around 96 km except for Sanya
Station at which it has the maximum around 92 km. Nevertheless, the amplitudes of the terdiurnal components behave in a
much more complicated manner in their altitude direction.
[18] The tidal phases are shown in Figure 5. According to
this illustration, the phases of almost all tidal components at
the lower altitudes lag behind those at the higher altitudes,
implying an absolutely downward propagation of the tidal
waves, or an upward propagation of the tidal energy. This
may be ascribed to the main dominant modes of each component. In this situation, under the assumption of an isothermal
atmosphere, we can estimate the ‘single station’ vertical wavelengths for each component of each wind by linearly ﬁtting
the altitude variation of the tidal phases. However, due to the
superposition of numbers of different wave modes whose contributions are comparable, the propagation directions of the phases
for some components are not absolutely downward for instance,
the diurnal components at Mohe Station, the semidiurnal components at Wuhan Station, and the terdiurnal components at
Beijing and Sanya stations. Their phase gradients change with
altitude. In this case, the vertical wavelengths of a single station
are invalid. Also, it is difﬁcult to extract different wave modes
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Table 1. The
 Fitted Hough Mode Amplitudes (the Absolute
Amplitude, asn  , and the Phases, tns ) for the Diurnal (s = 1),
Semidiurnal (s = 2) and Terdiurnal (s = 3) Components. The
Corresponding Vertical Wavelengths lsn Are Also Listed in the Table
(s,s+n)

lsn (km)

(1,1)
(1,2)
(1,3)
(1,4)

28.05
16.01
11.30
8.74

(2,2)
(2,3)
(2,4)
(2,5)

326.48
82.06
54.16
41.28

 s
a  (m/s)
n

tns (h)

20.10
11.26
8.53
4.07

14.00
12.15
0.02
12.10

10.47
35.43
55.14
36.38

1.06
5.31
11.01
3.89

3.42
4.05
6.89
5.32

4.99
7.96
7.16
1.96

s=1

s=2

vertical structures of the tides. Under the assumption of an
isothermal atmosphere, the vertical structure of each mode
s
can be expressed as a harmonic distribution, i.e., eikn z ; here,
s
kn is the vertical wave number calculated from the eigen
value of each Hough mode. The corresponding vertical
wavelength lsn derived from kns for an isothermal atmosphere
with background temperature of 256 K is listed in Table 1.
Meanwhile, the horizontal structure of each mode for the
horizontal winds can be represented
by the velocity expan
sion functions Uns ðyÞ; Vns ðyÞ , which are derived from
the Hough function Ysn ðyÞ [Chapman and Lindzen, 1970].
[20] Thus, each tidal component can be decomposed into
eigen modes in the following expressions [Chapman and
Lindzen, 1970; Chen and Lu, 2008a, 2008b]:
X
8
s
s
asn  Uns ðyÞ  eikn z
>
< Au ðy; zÞ ¼
nX
s
s
>
asn  Vns ðyÞ  eikn z
: Av ðy; zÞ ¼ i

s=3
(3,3)
(3,4)
(3,5)
(3,6)

evanescent
281.51
114.63
81.05

n

where, asn is the complex amplitude for the corresponding
Hough mode, i.e.,

from the altitude variation of a single station. To study the contributions of different wave modes, we use the classical Hough
functions to ﬁt the latitudinal distribution of each tidal component from the meteor radar chain (see section 3.2).
3.2. Hough Mode Decomposition
[19] Below approximately 100 km, we can ignore the
effects of the background horizontal winds, the meridional
temperature gradients, as well as the dissipation on the tidal
propagation; thus the eigen solutions (Hough modes) to
Laplace’s tidal equation deﬁne the horizontal structures,
and the eigen values (equivalent depths) determine the
(σ, σ)

(σ, σ+1)

 
s
asn ¼ asn ei2ptn

(4)

[21] Figure 6 shows the ﬁrst four ranks of the normalized
Hough functions Ysn ðyÞ and
 corresponding
 normalized
velocity expansion functions Uns ðyÞ; Vns ðyÞ . In this paper,
n (n = 0, 1, 2, 3) denotes the order of the Hough modes.
In order to agree with the denomination of the classical tidal
theory, we use (s, s + n) to represent the corresponding
(n + 1)-th mode for a given tidal component with frequency s.
To distinguish the tidal components (Fourier components),
we use ‘mode’ to describe Hough functions and
corresponding velocity expansion functions with different
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Figure 6. The ﬁrst four Hough functions (top row) and corresponding velocity functions for the zonal
and meridional winds (middle and bottom rows, respectively). The left, center, and right column plots
are respectively for the diurnal, semidiurnal and terdiurnal tidal components. The crosses indicate the latitudes of the four stations of the IGGCAS meteor radar chain.
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latitudinal structures. In Figure 6, the diurnal, semidiurnal,
and terdiurnal tidal components are separately represented
in the left, center, and right columns. The crosses on each
zero line represent the latitude locations of the four stations
of the IGGCAS meteor radar chain. As shown in Figure 6,
different orders of Hough modes have different latitudinal
scales and the higher the order, the smaller the scale. Hough
functions and corresponding velocity expansion functions
are alternating between symmetric and antisymmetric about
the equator, i.e., symmetric (antisymmetric) when n is even
(odd). However, the meridional velocity function Vns ðyÞ
is illustrated in the opposite way, i.e., antisymmetric (symmetric) when n is even (odd); because the meridional
velocity function Vns ðyÞ used in this paper is northward
in
hemispheres.
The maxima of the velocity functions
 both

Uns ðyÞ; Vns ðyÞ , n = 0, 1, 2, 3 for the diurnal components
concentrate at the low-latitude, while those of the semidiurnal and terdiurnal components locate at the midlatitude.
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These agree with the observations shown in Figures 2
and 3, and the Fourier transform results in Figure 4.
[22] To elucidate this Hough mode decomposition
(HMD), different ranks of velocity expansion functions are
then used to ﬁt the combination of both the zonal and
meridional winds at different altitudes simultaneously in a
least-square sense. For the sake of brevity, the trapped
velocity expansion functions are not taken into account during
the ﬁtting, as there are no in situ excitation sources in the
altitude range herein. According to the previous works [Chen
and Lu, 2008a, 2008b; Forbes and Wu, 2006; Oberheide et
al., 2011; Oberheide and Forbes, 2008; Pancheva et al.,
2009a, 2009b; Svoboda et al., 2005; Zhang et al., 2006], the
Hough mode decomposition converges fast and only the
weighted superposition of the ﬁrst few modes are required to
represent the diurnal and semidiurnal tides. Furthermore,
according to the estimated error, it is found that the ﬁtting
progress is convincible enough employing just the ﬁrst four
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ranks of velocity functions Uns ðyÞ; Vns ðyÞ for each combination of both wind components.
[23] As a result, for each tidal component, a set of complex amplitudes asn ðn ¼ 0; 1; 2; 3Þ are obtained during
the Hough mode decomposition. Table
  1 lists the ﬁtted
amplitude (the absolute amplitude, asn  , and the phase, tns )
of each tidal mode. It is seen that each of the components
is mainly attributed to quite a few modes, especially from
one of the symmetric modes. That is, the ﬁrst symmetric
(1, 1) mode, the second symmetric (2, 4) and (3, 5) modes
respectively dominate the diurnal, semidiurnal and terdiurnal
components. Other modes, like the antisymmetric (1, 2),
(2, 3), (2, 5), (3, 4), and (3, 6) modes, also make considerable contributions to the corresponding components.
These results are in agreement with the previous works

3.3. Latitudinal Mapping of the Horizontal Winds
[24] The amplitude of each Hough mode is independent
on both latitude and altitude [Chapman and Lindzen,
1970]; thus, according to equation (3), we can map the latitudinal and altitudinal distributions of different tidal components. Figures 7 and 8 respectively illustrate the amplitudes
and phases of the mapped diurnal (left column), semidiurnal
(center), and terdiurnal (right) components for the zonal (top
row) and meridional (bottom) winds. The white crosses represent the latitude locations of the four stations of the
IGGCAS meteor radar chain. As seen in Figure 7, the diurnal components dominate in the tropics and subtropics centered ~ 25 N and ~18 N for the zonal and meridional winds,
respectively. They peak in altitude at ~ 94 km around the
tropic for both winds. The semidiurnal components are
much more important at the midlatitude with maxima higher
than 50 N. On the other hand, they are quite considerable in
the tropics especially for the meridional wind. These maxima locate at higher altitude comparing with those around
the tropic for the diurnal components. The terdiurnal components have similar latitudinal versus altitudinal distributions
to those of semidiurnal ones but with much weaker amplitudes. As shown in Figure 8, the direction of propagation
is downward for the tidal phases of these three components.
The latitudinal variation of the phases for the diurnal components is smooth, indicating a dominant mode in this region.
Yet the phases of the semidiurnal and terdiurnal components
obviously vary with the latitudes, implying that these components are composed of two or more modes.
[25] With the superposition of the above tidal components
as well as the background horizontal winds, we can map the
total horizontal winds in the plane of latitude versus altitude.
In the mapping process, the latitudinal versus altitudinal distributions of the background horizontal winds are estimated
using the quadratic polynomial ﬁtting to the observed altitude proﬁles of time averaged horizontal winds at the four
stations. The mapped local time versus latitudinal distributions of the zonal and meridional winds at different altitudes
(80–100 km, every 4 km) are separately exempliﬁed in the
left and right columns in Figure 9. As shown in this ﬁgure,
the magnitudes of both winds are comparable. It is noticed
that the distribution patterns of both winds are quite different
at different latitudes. That is, the diurnal component dominates the tropics and subtropics (15–35 N) and the semidiurnal one dominates midlatitudes (35–55 N). The transition
latitude (~35 N) is slightly higher/lower at lower/higher altitudes. Besides, the local time of the peaks for both winds at
the lower altitudes lags behind that at the higher altitudes,
indicating a downward propagation of phase and an upward
propagation of tidal energy.

4.

Discussion

[26] In order to investigate the atmospheric response to
different excitations, numerous assumptions and approximations are invoked in the process of describing and solving
the atmospheric Navier-Stokes equations. These assumptions and approximations are broadly applied without
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Figure 10. Comparison of the monthly median (left column), ﬁltered (middle), and reconstructed (right)
results for the zonal wind u.
question and introduced in detail by Chapman and Lindzen
[1970]. For instance, the atmosphere is regarded to be an isothermal atmosphere without the background winds and
dissipation.
[27] In this paper, we ﬁt the meridional chain observations of horizontal winds with the eigen functions (Hough
modes) according to the classical tidal theory. This data
ﬁtting is reasonable because we only focus on the atmospheric tides in the MLT region (80–100 km) where many
factors breaking the assumptions of classical tidal theory
can be ignored when comparing with those in the thermosphere (>100 km). First, the MLT region can be considered as an isothermal atmosphere, because the latitudinal
and altitudinal variations of the background temperature
are quite small in this region with respect to those in the
thermosphere. Also, the MLT temperature itself is much
smaller than that in the thermosphere; this makes it possible to ignore the tidal dissipation, which increases with the
background temperature. In addition, the background
winds in the MLT region are also small (i.e., much
smaller than those in the thermosphere), thus its effects
on the tidal propagation is unimportant.
[28] However, in a realistic upper atmosphere, e.g., the
thermosphere at altitudes above 100 km, the meridional gradients of the background temperature, the background horizontal winds, as well as the wave dissipation caused by the
large atmospheric viscosity and thermal conductivity, make
the classical Hough mode decomposition invalid [Forbes
and Hagan, 1982]. In this situation, some further extensions
or improvements are needed, such as “Hough Mode

Extension”, which accounts for the dissipative effects.
[Forbes and Hagan, 1982; Forbes and Wu, 2006; Lindzen
et al., 1977; Oberheide et al., 2011; Oberheide and Forbes,
2008; Svoboda et al., 2005].
[29] To verify the quality of the Hough mode decomposition, we further map the horizontal winds by calculating
the superposition of reconstructed tidal components using
the Hough mode decomposition results. The right columns
of Figures 10 and 11 respectively illustrate the reconstructed
results for the zonal (u) and meridional (v) winds. For
comparison, the monthly median values and the ﬁltered
results from Fourier transform are separately provided in the
left and middle columns of the two ﬁgures. It can be seen
that the magnitude and as well as the latitudinal and altitudinal structures of the ﬁltered and the observed values for
both winds are in good agreement. Subtle discrepancies
exist because of the absence of the components with much
shorter time scale. However, most amplitudes of the errors
between them are smaller than 10 m/s for both winds; their
standard deviations are 3.7 m/s and 4.1 m/s for the zonal and
meridional winds, respectively. As seen in these two ﬁgures,
the magnitude and general structure of the reconstructed
winds agree well with the radar observations at the four stations. Furthermore, the linear correlation coefﬁcients (Ru,Rv)
between the reconstructions and the observations for both
winds are larger than 0.89. Also, the standard deviations of
the errors between them are 8.08 m/s and 10.07 m/s for the
zonal and meridional winds, respectively. In conclusion, the
mapping process successfully reproduces the local time versus altitudinal distributions of the original observations for
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Figure 11. Same as Figure 10 but for the meridional wind v.

the horizontal winds from the four stations of the IGGCAS
meteor radar chain. Yet the subtle discrepancies between
them are probably due to the absence of the higher order
Hough modes or the signals of nonmigrating tides in the
observation. The quantitative agreement is already satisfactory and it can adequately represent the structure of the
horizontal winds in the MLT region.
[30] The Hough modes from the classical tidal theory are
orthogonal and complete covering from pole to pole [Xu
et al., 2012]. However, in this paper, it should be pointed out
that the stations of the IGGCAS meteor radar chain locate at
the middle- and low-latitudes in the Northern Hemisphere.
For the sake of the limitation of the latitude coverage, Hough
modes within these latitudes are not absolutely complete, but
they are to some degree mutual orthogonal with weighted
factors coupling the corresponding vertical structures at
different altitudes. Thus, the exact contributions of different
Hough modes and the mapping process may not be applicable to the latitudes uncovered. In order to construct a
global tidal map, the latitude coverage from pole to pole is
needed, since the limitation of the latitude may bring in
errors. However, our major object is to propose a mapping
technique. Also, this technique is applicable to this latitude
coverage; the mapping results limited at the middle- and
low-latitudes in the Northern Hemisphere are reasonable.
The latitude coverage of this mapping technique from the
existing data can be extended if the meteor radar observations from the stations in the Southern Hemisphere are
augmented. Furthermore, if the observations from a zonal
meteor radar chain were available, we can distinguish the

migrating and nonmigrating tides and investigate their
longitudinal effect.
[31] The tidal components extracted from the hourly values
of horizontal winds observed by the IGGCAS meteor radar
chain exactly reveal the averaged eigen tidal oscillations of
the atmosphere. Hence, these tides may meet with the
Navier-Stokes equations. That is, the tidal components may
be described by the classical tidal theory, which is the basis
of our HMD method. While for the space-borne measurements, due to the limited local time coverage, composite data
of several months are usually required to extract different
tides. These tides represent a statistically climatological picture rather than an exact average of tidal oscillations. Thus,
these tides may not exactly meet with the Navier-Stokes
equations, due to the day-to-day variability during such a
long period (about 60 d). In this case, the tides extracted from
the composite data may not satisfy the tidal dispersion relation of the classical tidal theory. In other words, the classical
tidal theory is not applicable to these tides.

5.

Conclusion

[32] In the present paper, we report the observations of the
horizontal winds in the MLT region from the IGGCAS
meteor radar chain located at middle- and low-latitudes
around 120 E meridian in the Northern Hemisphere. The horizontal winds observed during December 2011 are decomposed into different tidal components and different eigen
modes by means of Fourier transform and Hough mode
decomposition. The main results are summarized as follows.
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[33] 1. For both horizontal winds, the diurnal component
dominates at the low-latitude stations, i.e., Sanya and
Wuhan stations, while the semidiurnal component dominates at midlatitude stations, i.e., Beijing and Mohe stations.
The amplitudes of these two components peak in the MLT
region (80–100 km).
[34] 2. Each component is dominated by one of its symmetric Hough modes, i.e., (1, 1), (2, 4), and (3, 5) modes
respectively for the diurnal, semidiurnal, and terdiurnal
components. Considerable contributions are also from the
corresponding ﬁrst and second antisymmetric modes, i.e.,
(2, 3), (3, 4), and (2, 5), (3, 6) modes.
[35] With the decomposed results we further propose a
technique to map the horizontal winds as distributions of
latitude, altitude, and local time. It is demonstrated that the
mapped results successfully reproduce the local time versus
altitudinal variation of the horizontal winds observed at the
four stations of the IGGCAS meteor radar chain. Thus, the
meridional radar chain may be used to monitor and study
the local distribution of the tidal winds in the MLT region.
[36] Acknowledgments. This work was supported by the Chinese
Academy of Sciences (KZZD-EW-01-2), National Science Foundation of
China (41131066, 40974090) and National Important Basic Research
Project (2011CB811405). Part of the data is from the Meridian Project.

References
Chang, J., and S. Avery (1997), Observations of the diurnal tide in the
mesosphere and lower thermosphere over Christmas Island, J. Geophys.
Res., 102(D2), 1895–1907.
Chapman, S., and R. S. Lindzen (1970), Atmospheric Tides: Thermal and
Gravitational, D. Reidel, Dordrecht, Netherlands, Holland.
Chen, Z., and D. Lu (2008a), Annual variation and global structures of the
DE3 Tide, Chinese Physics Letters, 25, 2323.
Chen, Z., and D. Lu (2008b), Global structures and multi-temporal variabilities of MLT migrating diurnal tide, Chinese Physics Letters, 25, 1510.
Forbes, J., and M. Hagan (1982), Thermospheric extensions of the classical
expansion functions for semidiurnal tides, J. Geophys. Res., 87(A7),
5253–5259.
Forbes, J., N. Makarov, and Y. Portnyagin (1995), First results from the
meteor radar at South Pole: A large 12-hour oscillation with zonal wavenumber one, Geophys. Res. Lett., 22(23), 3247–3250.
Forbes, J., and D. Wu (2006), Solar tides as revealed by measurements of
mesosphere temperature by the MLS experiment on UARS, J. Atmos.
Sci., 63(7), 1776–1797.
Fujii, J., T. Nakamura, T. Tsuda, and K. Shiokawa (2004), Comparison of
winds measured by MU radar and Fabry-Perot interferometer and effect of
OI5577 airglow height variations, J. Atmos. Terr. Phys., 66(6–9), 573–583.
Guharay, A., and S. Franke (2011), Characteristics of the semidiurnal tide in
the MLT over Maui (20.75oN, 156.43oW) with meteor radar observations, J. Atmos. Terr. Phys., 678–685.
Hagan, M. E., M. D. Burrage, J. M. Forbes, J. Hackney, W. J. Randel,
and X. Zhang (1999), GSWM-98: Results for migrating solar tides,
J. Geophys.Res., 104(A4), 6813–6827.
Hagan, M. E., A. Maute, and R. G. Roble (2009), Tropospheric tidal effects
on the middle and upper atmosphere, J. Geophys. Res., 107, A01302,
doi:10.1029/2008JA013637.
Hagan, M. E., and J. M. Forbes (2002), Migrating and nonmigrating diurnal
tides in the middle and upper atmosphere excited by tropospheric latent heat
release, J. Geophys. Res., 107(D24), 4754, doi:10.1029/2001JD001236.
Hocking, W., B. Fuller, and B. Vandepeer (2001), Real-time determination
of meteor-related parameters utilizing modern digital technology, J. Atmos.
Terr. Phys., 63(2–3), 155–169.
Holdsworth, D., I. Reid, and M. Cervera (2004), The Buckland Park all-sky
interferometric meteor radar, Radio Sci, 39, RS5009, doi:10.1029/
2003RS003014.
Igarashi, K., I. Nishimuta, Y. Murayama, T. Tsuda, T. Nakamura, and
M. Tsutsumi (1996), Comparison of wind measurements between
Yamagawa MF Radar and the MU Radar, Geophys. Res. Lett., 23(23),
3341–3344, doi:10.1029/96gl03241.

Jiang, G., J. Xu, J. Xiong, R. Ma, B. Ning, Y. Murayama, D. Thorsen,
S. Gurubaran, R. Vincent, and I. Reid (2008), A case study of the mesospheric 6.5-day wave observed by radar systems, J. Geophys. Res, 113,
D16111.
Lindzen, R. S., S. Hong, and J. Forbes (1977), Semidiurnal Hough mode
extensions in the thermosphere and their application, NRL Memorandum
Report 3442.
Manson, A., Y. Luo, and C. Meek (2002a), Global distributions of diurnal
and semi-diurnal tides: observations from HRDI-UARS of the MLT region,
Ann. Geophys., 20, 1877–1890.
Manson, A., C. Meek, M. Hagan, C. Hall, W. Hocking, J. MacDougall,
S. Franke, D. Riggin, D. Fritts, and R. Vincent (1999), Seasonal variations of the semi-diurnal and diurnal tides in the MLT: multi-year MF
radar observations from 2 to 70 N, and the GSWM tidal model, J. Atmos.
Sol. Terr. Phys., 61(11), 809–828.
Manson, A., C. Meek, M. Hagan, C. Hall, W. Hocking, J. MacDougall,
S. Franke, D. Riggin, D. Fritts, and R. Vincent (2002b), Seasonal variations of the semi-diurnal and diurnal tides in the MLT: multi-year MF
radar observations from 2-70 N, modelled tides (GSWM, CMAM),
Ann. Geophys., 20, 661–677.
Marsh, S., R. Bennett, W. Baggaley, G. Fraser, and G. Plank (2000),
Measuring meridional mesospheric winds with the AMOR meteor radar,
J. Atmos. Sol. Terr. Phys., 62(13), 1129–1133.
Mitchell, N. J., D. Pancheva, H. R. Middleton, and M. E. Hagan (2002),
Mean winds and tides in the Arctic mesosphere and lower thermosphere,
J. Geophys. Res., 107(A1), 1004, doi:10.1029/2001ja900127.
Mukhtarov, P., D. Pancheva, and B. Andonov (2009), Global structure and
seasonal and interannual variability of the migrating diurnal tide seen in
the SABER/TIMED temperatures between 20 and 120 km, J. Geophys.
Res., 114(A2), A02309.
Namboothiri, S., P. Kishore, K. Igarashi, T. Nakamura, and T. Tsuda
(2000), MF radar observations of mean winds over Yamagawa (31.2 N,
130.6 E) and Wakkanai (45.4 N, 141.7 E), J. Atmos. Sol. Terr. Phys.,
62(13), 1177–1187.
Oberheide, J., J. Forbes, X. Zhang, and S. Bruinsma (2011), Climatology
of upward propagating diurnal and semidiurnal tides in the thermosphere,
J. Geophys. Res., 116(A11), A11306.
Oberheide, J., and J. M. Forbes (2008), Tidal propagation of deep tropical
cloud signatures into the thermosphere from TIMED observations,
Geophys. Res. Lett., 35(4), L04816, doi:10.1029/2007gl032397.
Oberheide, J., Q. Wu, T. Killeen, M. Hagan, and R. Roble (2007),
A climatology of nonmigrating semidiurnal tides from TIMED Doppler
Interferometer (TIDI) wind data, J. Atmos. Sol. Terr. Phys., 69(17-18),
2203–2218, doi:10.1016/j.jastp.2007.05.010.
Oberheide, J., Q. Wu, T. L. Killeen, M. E. Hagan, and R. G. Roble (2006),
Diurnal nonmigrating tides from TIMED Doppler Interferometer wind
data: Monthly climatologies and seasonal variations, J. Geophys. Res.,
111(A10), A10S03, doi:10.1029/2005ja011491.
Pancheva, D., P. Mukhtarov, and B. Andonov (2009a), Global structure,
seasonal and interannual variability of the migrating semidiurnal tide seen
in the SABER/TIMED temperatures (2002–2007), Ann. Geophys, 27,
687–703.
Pancheva, D., P. Mukhtarov, B. Andonov, N. J. Mitchell, and J. Forbes
(2009b), Planetary waves observed by TIMED/SABER in coupling the
stratosphere-mesosphere-lower thermosphere during the winter of 2003/
2004: Part 2--Altitude and latitude planetary wave structure, J. Atmos.
Sol. Terr. Phys., 71(1), 75–87.
Pancheva, D., P. Mukhtarov, and B. Andonov (2010), Reply to Comment
on“Global structure, seasonal and interannual variability of the migrating
semidiurnal tide seen in the SABER/TIMED temperatures (2002–2007)”
by Manson et al. (2010), Ann. Geophys., 28, 677–685.
She, C., and T. Li (2004), Tidal perturbations and variability in the mesopause region over Fort Collins, CO (41 N, 105 W): Continuous multiday temperature and wind lidar observations, Geophys. Res. Lett, 31,
L2411, doi:10.1029/2004GL021165.
Shepherd, M., W. Ward, B. Prawirosoehardjo, R. Roble, S. P. Zhang, and
D. Wang (1999), Planetary scale and tidal perturbations in mesospheric
temperature observed by WINDII, Earth Planets Space, 51(7–8), 593–610.
Svoboda, A., J. Forbes, and S. Miyahara (2005), A space-based climatology
of diurnal MLT tidal winds, temperatures and densities from UARS wind
measurements, J. Atmos. Sol. Terr. Phys., 67(16), 1533–1543, doi:10.1016/j.
jastp.2005.08.018.
Tsuda, T., T. Nakamura, and S. Kato (1987), Mean winds observed by the
Kyoto meteor radar in 1983-1985, J. Atmos. Terr. Phys., 49(5), 461–466.
Wu, Q., D. A. Ortland, T. L. Killeen, R. G. Roble, M. E. Hagan, H. L. Liu,
S. C. Solomon, J. Xu, W. R. Skinner, and R. J. Niciejewski (2008a),
Global distribution and interannual variations of mesospheric and lower
thermospheric neutral wind diurnal tide: 1. Migrating tide, J. Geophys.
Res., 113(A5), doi:10.1029/2007ja012542.

2331

YU ET AL.: MAPPING TIDES FROM METEOR RADAR CHAIN
Wu, Q., D. A. Ortland, T. L. Killeen, R. G. Roble, M. E. Hagan, H. L. Liu,
S. C. Solomon, J. Xu, W. R. Skinner, and R. J. Niciejewski (2008b),
Global distribution and interannual variations of mesospheric and lower
thermospheric neutral wind diurnal tide: 2. Nonmigrating tide, J. Geophys.
Res., 113(A5), A05309, doi:10.1029/2007ja012543.
Wu, Q., D. Ortland, S. Solomon, W. Skinner, and R. Niciejewski (2011),
Global Distribution, Seasonal, and Inter-annual Variations of Mesospheric
Semidiurnal Tide Observed by TIMED TIDI, J. Atmos. Sol. Terr. Phys.
Wu, Q., T. L. Killeen, D. A. Ortland, S. C. Solomon, R. D. Gablehouse,
R. M. Johnson, W. R. Skinner, R. J. Niciejewski, and S. J. Franke (2006),
TIMED Doppler interferometer (TIDI) observations of migrating diurnal
and semidiurnal tides, J. Atmos. Sol. Terr. Phys., 68(3–5), 408–417,
doi:10.1016/j.jastp.2005.02.031.
Xiong, J. G., W. Wan, B. Ning, and L. Liu (2004), First results of the tidal
structure in the MLT revealed by Wuhan Meteor Radar (30 40’N,
114 30’E), J. Atmos. Sol. Terr. Phys., 66(6–9), 675–682, doi:10.1016/j.
jastp.2004.01.018.
Xu, J., A. Smith, G. Jiang, W. Yuan, and H. Gao (2012), Features of the seasonal variation of the semidiurnal, terdiurnal and 6-h components of
ozone heating evaluated from Aura/MLS observations, Ann. Geophys,
30, 259–281.

Xu, X., A. Manson, C. Meek, C. Jacobi, C. Hall, and J. Drummond (2011),
Mesospheric wind semidiurnal tides within the Canadian Middle Atmosphere Model Data Assimilation System, J. Geophys. Res., 116(D17),
D17102.
Xue, X., W. Wan, J. Xiong, and X. Dou (2007), Diurnal tides in mesosphere/
low-thermosphere during 2002 at Wuhan (30.6 N, 114.4 E) using canonical correlation analysis, J. Geophys. Res., 112(D6), D06104.
Yuan, T., H. Schmidt, C. Y. She, D. A. Krueger, and S. Reising (2008), Seasonal variations of semidiurnal tidal perturbations in mesopause region
temperature and zonal and meridional winds above Fort Collins, Colorado
(40.6 N, 105.1 W), J. Geophys. Res., 113(D20), D20103, doi:10.1029/
2007jd009687.
Zhang, X., J. M. Forbes, M. E. Hagan, J. M. Russell, III, S. E. Palo, C. J.
Mertens, and M. G. Mlynczak (2006), Monthly tidal temperatures
20–120 km from TIMED/SABER, J. Geophys. Res., 111(A10), A10S08,
doi:10.1029/2005ja011504.
Zhao, G., L. Liu, B. Ning, W. Wan, and J. Xiong (2005a), The terdiurnal tide
in the mesosphere and lower thermosphere over Wuhan (30 N,114 E),
Earth Planets Space, 57(5), 393–398.
Zhao, G., L. Liu, W. Wan, B. Ning, and J. Xiong (2005b), Seasonal behavior
of meteor radar winds over Wuhan, Earth Planets Space, 57(1), 61–70.

2332

